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a  b  s  t  r  a  c  t

Nanoscale  zero-valent  iron  (nZVI)  particles  and  a composite  containing  a mixture  of  ferrate(VI)  and
ferrate(III)  were  prepared  by  thermal  procedures.  The  phase  compositions,  valence  states  of  iron,
and  particle  sizes  of  iron-bearing  compounds  were  determined  by  combination  of  X-ray  powder
diffraction,  Mössbauer  spectroscopy  and  scanning  electron  microscopy.  The  applicability  of  these  envi-
ronmentally  friendly  iron  based  materials  in treatment  of  chemical  warfare  agents  (CWAs)  has  been
tested  with  three  representative  compounds,  sulfur  mustard  (bis(2-chlorethyl)  sulfide,  HD),  soman
((3,3′-imethylbutan-2-yl)-methylphosphonofluoridate,  GD),  and  O-ethyl  S-[2-(diisopropylamino)ethyl]
methylphosphonothiolate  (VX).  Zero-valent  iron,  even  in  the nanodimensional  state,  had  a  sluggish
n situ technology
perite
oison gas

reactivity  with  CWAs,  which  was  also  observed  in  low  degrees  of  CWAs  degradation.  On  the  contrary,
ferrate(VI)/(III)  composite  exhibited  a high  reactivity  and  complete  degradations  of  CWAs  were  accom-
plished.  Under  the  studied  conditions,  the  estimated  first-order  rate constants  (∼10−2 s−1)  with  the
ferrate(VI)/(III)  composite  were  several  orders  of magnitude  higher  than  those  of  spontaneous  hydrolysis
of CWAs  (10−8–10−6 s−1).  The  results  demonstrated  that  the  oxidative  technology  based  on application
of  ferrate(VI)  is very  promising  to decontaminate  CWAs.
. Introduction

There has been a worldwide concern to eliminate the
resence of chemical warfare agents (CWAs) in the environ-
ent. Sulfur mustard (bis(2-chlorethyl) sulfide, HD), soman

(3,3′-dimethylbutan-2-yl)-methylphosphonofluoridate, GD), and
-ethyl S-[2-(diisopropylamino)ethyl] methylphosphonothiolate

VX) are examples of CWAs, which have shown extreme toxic
ffects through inhibition of acetylcholinesterase. CWA  is also of

 concern for contaminating the water supplies. Detection, decon-
amination, and destruction of CWAs have thus become the focus
f the researchers in this field [1–3]. Generally, hydrolysis of CWAs
s commonly applied for their destruction, but it has a limited use in

he real-world decontamination. Natural processes are applicable;
owever, they are not appropriate for fast and active removal of
WAs. Conventional processes such as a phase transfer through
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aeration stripping and adsorption by activated charcoal usually
do not give sufficient quantitative CWAs removal and decontam-
ination. Oxidation and reduction processes have thus received
attention in the past decade [4].

In the laboratory investigations, several studies have reported
the degradation of CWAs using heterogeneous processes [5–7].
The studied solid surfaces include polyoxometalate (POM), vana-
dium oxide nanostructure, and modified titania nanotubes, which
showed degradation of CWAs within hour(s). Application of
advanced reduction or oxidation processes is more promising
because of their fast kinetics of reactions [4,8–10].  These processes
use hydrated electron (e−

aq) as a reductant and hydroxyl radical
(•OH) as an oxidant for destruction of CWAs [4].  Photolysis and
photocatalytic degradation processes are relatively slow in remov-
ing CWAs [8].  Oxidation process using O3/UV, O3/H2O2, UV/H2O2,
and •OH have shown promise, but these are not efficient due to pos-
sible reaction of reactive species with constituents present in water
such as O2, HCO3

−, and organic matter, which are present at higher

concentrations compared to CWAs. There is still need for intro-
duction of innovative reductant/oxidant agents for destruction of
CWAs, which would be environmentally friendly as well as efficient
in degrading CWAs. Iron based reductant (nanoscale zero-valent

dx.doi.org/10.1016/j.jhazmat.2011.10.094
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zboril@prfnw.upol.cz
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ron, nZVI) and oxidants (iron(VI), iron(IV), and their composites)
re excellent alternatives, which may  address concerns of currently
nown processes.

Nanoscale zero-valent iron particles have recently received
ttention due to their possible large scale application at the locali-
ies contaminated by various inorganic and organic pollutants. The
ZVI particles, applicable as in situ reducing agent in groundwater
reatment, have shown high reactivity, which caused the effec-
ive transformation of many toxic contaminants into less toxic or
enign products. For example, the removal of more than seventy
ontaminants from water, which includes polychlorinated hydro-
arbons and arsenic [11,12] was successfully accomplished by using
f nZVI. Additionally, the reductive properties of elemental iron and
he sorption capabilities of the subsequently formed iron oxides
an also be used for removing the heavy metals by turning them
nto less soluble forms through changes in their oxidation state
nd/or by adsorption [13,14].  Iron in +6 oxidation state (FeVIO4

2−,
e(VI)) has also shown promise in efficient oxidation of sulfur-
nd nitrogen-containing compounds [15–18].  Fe(VI) has applica-
ions in oxidation of micropollutants (e.g. antibiotics), in removal
f metals (e.g. arsenic) and in inactivation of microorganisms (e.g.
scherichia coli) [19–21].  Significantly, oxidation, coagulation, and
isinfection processes can be achieved simultaneously in appli-
ation of a single dose of ferrate(VI)/(III) composite, which can
e prepared by thermal routes in a large-scale. Moreover, the

ron(III) hydroxide nanoparticles, being the result of decomposition
f KFeO2 (i.e. the Fe(III) phase in composite) in reaction solutions,
ight act as an additional efficient sorbent.
The present paper represents the first comparative study aimed

t destruction of CWAs by iron-based reduction and oxidation
echnologies using advantageous properties of nZVI and Fe(VI),
espectively. The characterization of synthesized nZVI and fer-
ate(VI)/(III) composite is also presented.

. Experimental

.1. Syntheses of nZVI and ferrate(VI)/(III) composite

The nZVI particles were synthesized at a semi-industrial scale
tilizing thermally induced solid-state reduction of hematite �-
e2O3 powder (Bayferrox® 110, LANXESS, GmbH). Briefly, the
ron(III) oxide powder was thermally treated (600 ◦C, 5 h) under
ydrogen atmosphere and the nZVI particles were subsequently
tabilized by controlled air-oxidation [22], which resulted in the
eO/Fe3O4 oxide shell on the surface of metallic particles. The
eight content of Fe(0) in nZVI powder was determined to be

1%. Ferrate(VI)/(III) composite was synthesized using the opti-
ized method of Thompson [23]. In this method, the mixture

f iron(III) oxide (hematite �-Fe2O3 powder, Bayferrox® 110,
ANXESS, GmbH) and potassium nitrate (Sigma–Aldrich Co.) in

 molar ratio of 1:4 was homogenized in an agate mortar and
hermally treated at 1000 ◦C under the stream of nitrogen gas
or 30 min. The final composite obtained was composed of a

ixture of Fe(VI) and Fe(III) phases, namely K2FeO4 and KFeO2,
espectively. The determined weight content of K2FeO4 in the
omposite was 31%. The synthesized ferrate(VI)/(III) composite
as stored in vacuum desiccator due to the highly unsta-

le and hygroscopic nature of both phases in the composite
24,25].

.2. Reaction of nZVI with CWAs
The applicability of both environmentally friendly iron
ased materials in treatment of chemical warfare agents
as tested with three representative compounds: sulfur
terials 211– 212 (2012) 126– 130 127

mustard (bis(2-chlorethyl) sulfide, HD), soman ((3,3′-
imethylbutan-2-yl)-methylphosphonofluoridate, GD), and O-ethyl
S-[2-(diisopropylamino)ethyl] methylphosphonothiolate (VX).
All CWAs were purchased from Training, Analytical and Supply
Center Čereňany, Slovak Republic, and used without any further
purification (purity of HD, GD and VX is 92.5%, 85.6%, and 82.9%,
respectively). The nZVI specimens (1061 mg  for HD, 426 mg  for GD,
and 553 mg  for VX compound) were transferred into glass vials
and 950 �l of distilled water and 50 �l of isopropyl alcohol were
then added. 1 mg  of CWA  was  added into each vial and the reaction
mixtures were shaken to homogenize them. After a fixed time
interval (2, 4, 8, 16, 32 and 64 min), 500 �l of the reaction mixture
was  withdrawn and poured into 2500 �l of n-hexane, followed by
vigorous mixing for 1 min. The extracted CWAs were inserted into
n-hexane and 1 ml  of CWA/n-hexane solution was  then analyzed
by a gas chromatography (GC) technique to determine the content
of CWA. The analogous experiments were conducted without
addition of nZVI in order to evaluate the role of spontaneous
hydrolysis.

2.3. Reaction of ferrate(VI)/(III) composite with CWAs

Analogously to experiments described in Section 2.2,  the partic-
ular amounts of ferrate(VI)/(III) composite (505 mg  for HD, 3.8 mg
for GD, and 398 mg  for VX compound) were dissolved in 10 ml  of
distilled water and 1 mg  of CWA  was added to this solution. The
reaction mixture was  vigorously shaken. After a fixed time inter-
val (2, 4, 8, 16, 32, and 64 min), samples were extracted to vials
containing 300 mg  of sodium thiosulfate pentahydrate and 900 �l
of nonane. The samples were then analyzed by a GC technique to
determine the content of CWA.

2.4. Experimental techniques and kinetic model

Transmission 57Fe Mössbauer spectra of solid samples of nZVI
and ferrate(VI)/(III) composite were acquired at 300 K using a
Mössbauer spectrometer at a constant acceleration mode with a
57Co(Rh) source and �-Fe foil as a velocity-scale calibration stan-
dard. Scanning electron micrographs (SEM) were acquired using
a field-emission scanning electron microscope SU6600 (Hitachi)
operating at 5 kV and 15 kV for ferrate(VI)/(III) composite and nZVI
sample, respectively. An X’Pert PRO diffractometer (PANalytical)
with CoK� radiation was  employed for X-ray powder diffraction
(XRD) analyses. A sample of nZVI was placed on a zero-background
Si slide, gently pressed, and scanned with a step size of 0.017◦.
With respect to the highly hygroscopic nature of both phases in the
ferrate(VI)/(III) composite, the studied sample was placed on a Pt
strip and measured under vacuum in an HTK16 (Anton Paar, GmbH)
high-temperature chamber at room temperature. The phase com-
position of the studied samples was evaluated using the X’Pert
HighScorePlus software package (PANanalytical) and the PDF-
4+ database (JCPDS-ICDD). Gas Chromatography 6890N (Agilent
Technologies, equipped with FPD/P and FPD/S detectors and auto-
injection system) was  used for measurements of degradation of
CWAs. For analyzing the kinetics data, an equation c� = c0 exp(−k1�)
was used, where c� denotes the residual concentration of CWA  in
time �; c0 stands for the initial concentration of CWA. The percent-
age of degradation (%) was calculated as % = [1 − (c� /c0)] × 100.

3. Results and discussion

3.1. Phase composition and particle size of nZVI and

ferrate(VI)/(III) composite

The thermally induced solid-state processes, described in Sec-
tion 2, were applied in this study due to their applicability for a large
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ig. 1. X-ray powder diffraction patterns and room-temperature Mössbauer spectra 

C  and D), respectively. Labels in the panel A are: �-Fe, bcc metallic iron; m,  magn
elow  the experimental pattern in panel (C) (PDF 01-070-1523); SP, superparamag

cale production of environmentally friendly reductants/oxidants.
hase composition of the samples, studied by XRD and Mössbauer
pectroscopy, confirmed that the nZVI sample was  composed of
ero-valent iron nanoparticles (see Fig. 1) coated by a thin surface
ayer (4 nm thick as observed by transmission electron microscopy,
ot shown) of magnetite (Fe3O4) and wüstite (FeO). The weight
ontent of metallic iron (91 wt%) was calculated from the relative

pectral areas of the Mössbauer spectrum (see Fig. 1 and Table 1)
ecorded at room temperature. The particle size ranged between
0 nm and 150 nm (see SEM image in Fig. 2) with a mean diameter
f 70 nm.

able 1
oom-temperature Mössbauer hyperfine parameters of the nZVI and Fe(VI)/Fe(III) compo

s hyperfine magnetic field (±0.3 T), and RA is the relative area (±1%).

Sample Component ı ± 0.01
(mm/s)

nZVI �-Fe 0.01 

FeO  0.92 

Fe3O4 (A) 0.37 

Fe3O4 (B) 0.67 

Ferrate(VI)/(III)
composite

Fe(VI) −0.92 

Fe(III) 0.18 

Fe(III)  SP 0.19 
I sample stabilized by Fe3O4/FeO oxide shell (A and B) and ferrate(VI)/(III) composite
(Fe3O4); w,  wüstite (FeO). Theoretical positions of K2FeO4 diffractions are shown
raction in the Mössbauer spectrum (D).

The sample of ferrate(VI)/(III) composite contained 31 wt% of
potassium ferrate(VI), K2FeO4 and 69 wt% of potassium ferrite,
KFeO2. Weight percentages were confirmed by XRD and Mössbauer
spectroscopy (see Fig. 1). However, Fe(VI)-to-Fetot atomic ratio was
0.24 according to Mössbauer spectrum analysis (see Table 1). Evi-
dently, such synthetic procedure leads to formation of KFeO2 phase
both in several micrometer sized crystals and in nanometer sized

particles, which were clearly evidenced as a superparamagnetic
doublet fraction present in the Mössbauer spectrum (see Fig. 1) and
particularly in the SEM image (see Fig. 2). The data described in the
next sections are focused mainly on the comparison of reductive

site samples, where ı is the isomer shift, �EQ is the quadrupole splitting (shift), Bhf

�EQ ± 0.01
(mm/s)

Bhf ± 0.3 (T) RA ± 1
(%)

0.00 33.1 91
1.10 – 5
0.06 49.1 1
0.18 46.0 3

– – 24
0.08 50.2 61
0.74 – 15
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Fig. 2. SEM images of nZVI powder (A) and the ferrate(VI)/(III) composite (B). The arrows point to the areas with a high density of nanoparticles (KFeO2) on the surface of
micrometer sized particles.
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Fig. 4. Time dependence of degradation of soman by the nZVI and ferrate(VI)/(III)
composite.

Table 2
The rate constants obtained for degradation of CWAs by nZVI and ferrate(VI)/(III)
composite where HD is sulfur mustard (bis(2-chlorethyl) sulfide), GD is soman
((3,3′-imethylbutan-2-yl)-methylphosphonofluoridate), and VX is O-ethyl S-[2-
(diisopropylamino)ethyl] methylphosphonothiolate. For comparison, the rate
constants corresponding to spontaneous hydrolysis are also listed.

CWA  Spontaneous
hydrolysis
k1 (s−1)

nZVI
k1 (s−1)

Ferrate(VI)/(III)
composite
k1 (s−1)

HD 2.14 × 10−3 3.30 × 10−3 8.27 × 10−3

GD 3.70 × 10−6 1.47 × 10−4 7.66 × 10−3

VX 1.00 × 10−8 7.16 × 10−5 1.17 × 10−2
ig. 3. Time dependence of degradation of sulfur mustard by the nZVI and fer-
ate(VI)/(III) composite. Data corresponding to spontaneous hydrolysis are included
or comparison.

nd oxidative environmentally friendly iron-based technologies for
he treatment of CWAs. However, a role of nanodimensional nature
f materials and their sorption properties should also be taken into
ccount.

.2. Degradation of sulfur mustard (HD) with nZVI and
errate(VI)/(III) composite

The kinetic curves, shown in Fig. 3, represent the rate of sulfur
ustard (HD) degradation by nZVI and ferrate(VI)/(III) compos-

te. In addition to chemical degradation, hydrolysis of HD may
ccur simultaneously [1];  hence a separate study of this hydrolytic
rocess was conducted and the results are shown in Fig. 3.
he rate constant for spontaneous hydrolysis was found to be
.14 × 10−3 s−1 whereas, after the addition of nZVI, the rate con-
tant was determined to be 3.30 × 10−3 s−1. This implies that the
pontaneous hydrolytic reaction of sulfur mustard occurred pre-
ominantly compared to the possible degradation of HD with nZVI.

In the case of ferrate(VI)/(III) composite, the rate constant of sul-
ur mustard degradation was 8.27 × 10−3 s−1. As shown in Fig. 3, HD
as completely decontaminated within 16 min. The rate constant

or the reaction of HD with ferrate(VI)/(III) composite was  approx-
mately four times higher than its above-presented spontaneous
ydrolytic degradation.
.3. Degradation of soman (GD) with nZVI and ferrate(VI)/(III)
omposite

The reaction of soman in a mixture with zero-valent iron
roceeded slowly (k1 = 1.47 × 10−4 s−1). The nZVI showed only a
limited detoxification capacity as only 40% of CWA  was degraded
after 60 min  of the reaction (see Fig. 4). Nevertheless, the rate con-
stant determined for degradation of soman by nZVI species was
about two orders of magnitude higher than that observed for the
spontaneous hydrolytic degradation (see Table 2). This suggests
potentially limited exploitation of nZVI for the treatment of soman
by a reductive process.

The oxidative degradation of soman using ferrate(VI)/(III)
composite turned out to be fast as the complete degrada-
tion was  reached within 8 min. Compared to the spontaneous
hydrolysis of soman (see Table 2), the obtained rate constant
(k1 = 7.66 × 10−3 s−1) was  three orders of magnitude higher (see
Table 2). The results support the potential exploitation of ferrate(VI)

for a rapid oxidative degradation of soman.
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potassium ferrate(VI), K2FeO4 in static air conditions, J. Phys. Chem. B 111
ig. 5. Time dependence of degradation of VX compound by the nZVI and fer-
ate(VI)/(III) composite.

.4. Degradation of the VX compound with nZVI and
errate(VI)/(III) composite

Fig. 5 shows comparison of degradability of the VX compound
hrough the reductive and oxidative processes by applying nZVI
nd ferrate(VI)/(III) composite, respectively. After 1 h of treatment
f VX compound by nZVI, we obtained only ∼20% decrease (see
ig. 5). The degradation of VX by nZVI was considerably lower
ompared to soman detoxification. Furthermore, the obtained rate
onstant (7.16 × 10−5 s−1) was higher compared to that obtained
or the spontaneous hydrolytic degradation (see Table 2).

The oxidative degradation of VX with ferrate(VI)/(III) compos-
te was efficient (see Fig. 5) and complete removal was achieved
n ∼10 min. The estimated rate constant (1.17 × 10−2 s−1) was
pproximately eight orders of magnitude higher than that obtained
y the spontaneous hydrolysis (see Table 2).

. Conclusions

The Mössbauer spectroscopy and scanning electron microscopy
stablished oxidation states of iron and nanocrystalline character,
espectively, of thermally synthesized iron-based species including
omposites designed for CWAs degradation. The in-detail moni-
ored process of CWAs degradation using synthesized nZVI and
errate(VI)/(III) composite showed that the oxidation promoted
y the ferrate(VI)/(III) composite was more effective in remov-

ng CWAs than the reduction by zero-valent iron. Both nZVI
nd ferrate(VI)/(III) composite removed HD completely; however,
pontaneous hydrolysis of HD played a significant role during its
egradation by either reduction or oxidation process. Reactions
f GD and VX with Fe(VI) were rapid with complete degradations
chieved within 10 min. On the contrary, the efficiency of GD and
X degradation by nZVI was found to be below 50% upon reaction

ime of ∼1 h. Future studies may  include investigation of causes
f such low capacity of nZVI to reduce CWAs. Future work includes
he detailed characterization of degradation products, which would
elp understand the mechanism by which Fe(VI) oxidizes CWAs
nd support benign character of CWAs degradation processes using
ron-based reductants and oxidants.
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